The pyruvate dehydrogenase complex (PDC) has a pivotal role in islet metabolism. The pyruvate dehydrogenase kinases (PDK1-4) regulate glucose oxidation through inhibitory phosphorylation of PDC. Starvation increases islet PDK activity (Am J Physiol Endocrinol Metab 270:E988 -E994, 1996). In this study, using antibodies against PDK1, PDK2, and PDK4 (no sufficiently specific antibodies are as yet available for PDK3), we identified the PDK isoform profile of the pancreatic islet and delineated the effects of starvation (48 h) on protein expression of individual PDK isoforms. Rat islets were demonstrated to contain all three PDK isoforms, PDK1, PDK2, and PDK4. Using immunoblot analysis with antibodies raised against the individual recombinant PDK isoforms, we demonstrated increased islet protein expression of PDK4 in response to starvation (2.3-fold; P < 0.01). Protein expression of PDK1 and PDK2 was suppressed in response to starvation (by 27% [P < 0.01] and 10% [NS], respectively). We demonstrated that activation of peroxisome proliferator-activated receptor-␣ (PPAR-␣) by the selective agonist WY14,643 for 24 h in vivo leads to specific upregulation of islet PDK4 protein expression by 1.8-fold (P < 0.01), in the absence of change in islet PDK1 and PDK2 protein expression but in conjunction with a 2.2-fold increase (P < 0.01) in islet PPAR-␣ protein expression. Thus, although no changes in islet PPAR-␣ expression were observed after the starvation protocol, activation of PPAR-␣ in vivo may be a potential mechanism underlying upregulation of islet PDK4 protein expression in starvation. We evaluated the effects of antecedent changes in PDK profile and/or PPAR-␣ activation induced by starvation or PPAR-␣ activation in vivo on glucose-stimulated insulin secretion (GSIS) in isolated islets. GSIS at 20 mmol/l glucose was modestly impaired on incubation with exogenous triglyceride (1 mmol/l triolein) (ϳ20% inhibition; P < 0.05) in islets from fed rats. Starvation (48 h) impaired GSIS in the absence of triolein (by 57%; P < 0.001), but GSIS after the further addition of triolein did not differ significantly between islets from fed or starved rats. GSIS by islets prepared from WY14,643-treated fed rats did not differ significantly from that seen with islets from control fed rats, and the response to triolein addition resembled that of islets prepared from fed rather than starved rats. PPAR-␣ activation in vivo led to increased insulin secretion at low glucose concentrations. Our results are discussed in relation to the potential impact of changes in islet PDK profile on the insulin secretory response to lipid and of PPAR-␣ activation in the cause of fasting hyperinsulinemia.
T he fate of pyruvate in islets is largely restricted to conversion to acetyl-CoA via the pyruvate dehydrogenase complex (PDC) or conversion to oxaloacetate via pyruvate carboxylase (PC), normally with approximately equal amounts of pyruvate entering each route (1) (2) (3) . Flux via lactate dehydrogenase is limited by the low activity of this enzyme in islets (4) . The activity of PDC, in conjunction with flux through the anaplerotic enzyme PC, links glycolysis with citrate synthesis and, in the fed state, the synthesis of malonyl-CoA. Factors that lead to PDC inactivation therefore favor acetyl-CoA production via the ␤-oxidation of long-chain fatty acids. Recent evidence suggests an important role of glucose-regulated anaplerosis and cataplerosis in triggering insulin secretion from pancreatic ␤-cells via the provision of mitochondrially derived coupling factors (5) . These metabolic processes are early events in pancreatic ␤-cell activation that do not require a rise in Ca 2ϩ (5) . MalonylCoA, another component of acute fuel sensing by the pancreatic ␤-cell (6,7), inhibits mitochondrial long-chain fatty acid uptake at the level of carnitine palmitoyltransferase I and thereby promotes re-esterification. Intracellular lipid homeostasis, in part mediated via the malonylCoA nutrient-sensing mechanism, is essential for normal pancreatic ␤-cell function.
Inhibitory phosphorylation of PDC is catalyzed by members of a family of pyruvate dehydrogenase kinases (PDKs) (8, 9) . Four PDK isoforms have been identified, sequenced, and partially characterized (8) . Gene (mRNA) expression of PDK1 and PDK2 has been detected in the pancreas (10) , but the PDK isoforms specifically present in pancreatic islets have not been established. PDK activity is increased after prolonged (48 h) starvation, in a stable manner independent of the acute effects of metabolic effectors, in a range of oxidative tissues (11) , including pancreatic islets (12) . The PDK isoforms that contribute to increased PDK activity in islets after prolonged starvation remain to be identified. Prolonged (48 h) starvation increases the protein expression of PDK2 and PDK4 in liver (13, 14) and kidney (14, 15) -gluconeogenic tissues, which, like islets, contain high PC levels (16, 17) . The protein expression of PDK4 (but not of PDK2) is increased in heart (18) and oxidative skeletal muscle (19) in response to starvation. The effect of starvation to lead to selective accumulation of PDK4 protein in skeletal muscle is mimicked by longterm activation of peroxisome proliferator-activated receptor-␣ (PPAR-␣) by the selective agonist WY14,643 (20) .
Abnormal lipid partitioning resulting in either depletion of islet lipid or accumulation of excessive islet lipid is potentially important in the development of pancreatic ␤-cell failure (21) . PPARs are orphan nuclear receptors that are established fatty acid sensors, transducing changes in lipid supply into changes in gene expression (22) . PPAR-␣ has been shown to control genes involved in lipid metabolism in islets and islet cell lines (23) . PPAR-␣ mRNA expression is induced by high concentrations of fatty acids in rat islets (24) . Conversely, islets or INS(832/ 13) ␤-cells exposed to high glucose show a 60 -80% reduction in PPAR-␣ mRNA (23) . It was suggested that a reduction in PPAR-␣ expression, together with an inappropriate rise in malonyl-CoA, might participate in the coordinated adaptation of ␤-cell glucose and lipid metabolism to hyperglycemia and be implicated in the mechanism of ␤-cell glucolipotoxicity (23) .
In the present study, we delineated the effect of prolonged (48 h) starvation on the PDK isoform expression profile of rat pancreatic islets using antibodies against PDK1, PDK2, and PDK4 (no sufficiently specific antibodies are as yet available for use for Western blotting of PDK3). Because PPAR-␣ activation specifically upregulates PDK4 protein expression in skeletal muscle (20) , we also determined whether PPAR-␣ activation with WY14,643 influences islet PDK isoform expression in the fed state, together with the potential influence of such modification on the regulation of insulin secretion by glucose and exogenous lipid.
RESEARCH DESIGN AND METHODS
Materials. Organic solvents were of analytical grade and obtained from BDH (Poole, Dorset, U.K.). General laboratory reagents were from Roche Diagnostics (Lewes, East Sussex, U.K.) or from Sigma (Poole, Dorset, U.K.), with the following exceptions. Enhanced chemiluminescence (ECL) reagents, hyperfilm, and secondary antibodies were purchased from Amersham Pharmacia Biotech (Little Chalfont, Bucks, U.K.). Anti-PDK2 antibodies were generated in the authors' laboratory in rabbits against recombinant PDK2 (13) . Anti-PDK1 and anti-PDK4 antibodies were generated in rabbits against individual recombinant proteins (8) and were provided by Prof. Bob Harris. Anti-PPAR-␣ antibody was purchased from Autogen Bioclear (Calne, Wiltshire, U.K.). Pirinixic acid (WY14,643) was purchased from Sigma. Bradford reagents were purchased from BioRad (Hemel Hempstead, Herts, U.K.). Kits for determination of plasma insulin, glucose, and nonesterified fatty acid (NEFA) concentrations were from Mercodia (Uppsala, Sweden), Roche Diagnostics, and Alpha Labs (Eastleigh, Hants, U.K.), respectively. Animals. All studies were conducted in adherence to the regulations of the U.K. Animal Scientific Procedures Act (1986). Female albino Wistar rats (200 -250 g) were purchased from Charles River (Margate, Kent, U.K.). Rats were maintained at a temperature of 22 Ϯ 2°C and subjected to a 12-h light/12-h dark cycle. Fed rats were given free access to standard, pelleted rodent diet purchased from Special Diet Services (Witham, Essex, U.K.; 52% carbohydrate, 15% protein, 3% lipid, and 30% nondigestible residue [by weight]; 2.61 kcal metabolizable energy/g). For determination of the effects of starvation, food was removed from cages at 48 h before the rats were killed. WY14,643 was administered to fed rats as a single intraperitoneal injection (50 mg/kg body wt), and rats were sampled after an additional 24 h. In all experiments, rats were allowed ad libitum access to water. Islet preparation and extraction. Rats were anesthetized by injection of sodium pentobarbital (60 mg/ml in 0.9% NaCl; 1 ml/kg body wt i.p.); once locomotor activity had ceased, pancreases were excised, and islets were isolated by collagenase digestion (25) . Islets (150 -250, from a single individual animal) were extracted in ice-cold RIPA buffer (1% Triton, 1% sodium deoxycholate, 0.1% SDS, 0.15 mol/l NaCl, 0.01 mol/l sodium phosphate, 0.2 mmol/l phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 1.5 mg/ml benzamidine, 50 g/ml aprotinin, 50 g/ml pepstatin A [in DMSO], pH 8.0). Total islet protein extracts were placed on ice for 20 min and centrifuged in an Eppendorf centrifuge (12,000g for 20 min at 4°C), and the supernatants were stored (Ϫ20°C) until analysis. Protein concentrations were determined using the method of Bradford (26) using bovine serum albumin as standard. The assay was linear over the range of protein concentrations routinely used. Islet incubation. Freshly prepared islets (up to 15) were placed into 1.5-ml Eppendorf tubes and, after preincubation (30 min at 37°C with Krebs-Ringer bicarbonate buffer [KRB]), incubated with 1,000 l of KRB containing 2 mmol/l or 20 mmol/l glucose in the presence or absence or triolein (1 mmol/l) for 60 min at 37°C. At the end of the incubation, aliquots of the medium were removed for the determination of insulin. Insulin release was linearly related to islet number (results not shown), but 10 islets from each preparation were routinely used for incubation. Incubations were in triplicate for each experimental condition. Immunoblotting. Samples (50 g of total islet protein) were subjected to SDS-PAGE using a 12.5% resolving gel with a 6% stacking gel. After SDSelectrophoresis, resolved proteins were transferred electrophoretically to nitrocellulose membranes and then blocked for 2 h at room temperature with Tris-buffered saline (TBS) supplemented with 0.1% Tween (TBST) and 5% (wt/vol) nonfat powdered milk. The nitrocellulose blots were incubated for 2 h at room temperature with polyclonal antisera raised against specific recombinant PDK isoforms or PPAR-␣, washed with 0.1% Tween in TBS (3 ϫ 10 min), and incubated with the horseradish peroxidase-linked secondary antibody IgG anti-rabbit (1:2000, in 1% [wt/vol] nonfat milk in TBST) for 1 h at room temperature. Bound antibody was visualized using ECL according to the manufacturer's instructions. The blots were then exposed to Hyperfilm, and the signals were quantified by scanning densitometry and analyzed with Molecular Analyst 1.5 software (Biorad). For each representative immunoblot presented, the results are from a single gel exposed for a uniform duration, and each lane represents an islet preparation from a different rat. Analytical methods. Plasma glucose concentrations were determined by a glucose oxidase method (Roche Diagnostic). Plasma immunoreactive insulin concentrations were measured by enzyme-linked immunosorbent assay (ELISA) using rat insulin as a standard (Mercodia). Plasma NEFA levels were determined with the Wako NEFA C test kit (Alpha Labs). Aliquots of blood sampled from the chest cavity were centrifuged for 20 min at 12,000g at 4°C, and plasma was stored at Ϫ20°C. Statistical analysis. Results are presented as the means Ϯ SE, with the numbers of rats in parentheses. Statistical analysis was performed by analysis of variance followed by Fisher's post hoc tests for individual comparisons or Student's t test as appropriate (Statview; Abacus Concepts, Berkeley, CA). P Ͻ 0.05 was considered to be statistically significant.
RESULTS
Three PDK isoforms are expressed in pancreatic islets from fed rats. Protein was extracted from batches of 150 -250 islets, and protein expression of PDK isoforms 1, 2, and 4 were evaluated by immunoblotting with specific antibodies raised against each of these recombinant PDK proteins. (No sufficiently specific antibodies are as yet available for use for Western blotting of PDK3.) Western analysis using extracts of islets from fed rats detected protein expression of PDK1, PDK2, and PDK4. PDK1 was identified as an immunoreactive band running at 49 kDa, whereas PDK2 and PDK4 were detected as immunoreactive bands running at 46 kDa. Plasma substrate and insulin concentrations after starvation or PPAR-␣ activation in vivo. Ambient plasma immunoreactive insulin concentrations fell markedly after starvation ( Table 1) . As expected, starvation for 48 h significantly increased plasma NEFA concentrations (by ϳ4.9-fold; P Ͻ 0.001), whereas plasma glucose concentrations declined (by 41%; P Ͻ 0.001) compared with control rats (fed ad libitum on standard diet) ( Table 1) . WY14,643 treatment of fed rats for 24 h in vivo did not significantly influence plasma insulin, glucose, or NEFA concentrations (Table 1) .
Prolonged starvation modulates the protein expression of all three PDK isoforms in rat pancreatic islets. PDK1, PDK2, and PDK4 protein expression was also detected in pancreatic islets from rats that were starved for 48 h (Fig. 1) . Islet PDK1 protein expression was decreased by 48-h starvation (by 27%; P Ͻ 0.01). Similarly, islet protein expression of PDK2, the "ubiquitous" PDK isoform, was also downregulated (by 10%; NS). In marked contrast, we observed a substantial ϳ2.3-fold increase (P Ͻ 0.01) in the amount of PDK4 protein expressed in rat pancreatic islets in response to 48-h starvation (Fig. 1) . Thus, the amount of PDK4 protein relative to total PDK protein (PDK1 ϩ PDK2 ϩ PDK4) in islets is greatly increased after prolonged starvation. Exposure to WY14,643 selectively upregulates PDK4 but does not alter PDK1 or PDK2 isoform protein expression in rat pancreatic islets. Exposure of fed Data are means Ϯ SE, with the numbers of rats in parentheses. Details of the protocols for starvation or treatment with WY14,643 are described in RESEARCH DESIGN AND METHODS. Plasma insulin, glucose, and NEFA concentrations in blood sampled from the chest cavity were determined using commercial kits. *P Ͻ 0.001 versus control (fed ad libitum).
rats to the PPAR-␣ agonist WY14,643 for 24 h in vivo led to a substantial ϳ1.8-fold increase (P Ͻ 0.01) in the amount of PDK4 protein expressed in rat pancreatic islets (Fig. 2) . In contrast, WY14,643 administration did not significantly affect protein expression of either PDK1 or PDK2 (Fig. 2) . The effects of WY14,643 administration on PDK4 protein expression were not a consequence of decreased caloric intake (control intake 70 Ϯ 10 kcal/day; WY14,643-treated intake 64 Ϯ 3 kcal/day). Exposure to WY14,643 in vivo increases PPAR-␣ protein expression in rat pancreatic islets. It was demonstrated previously that fasting induces PPAR-␣ mRNA expression in liver (27) , whereas PPAR-␣ expression is markedly reduced in the fat-laden islets of obese, prediabetic Zucker diabetic (fa/fa) rats (24) . We analyzed the potential role of changes in PPAR-␣ activation in the regulation of PPAR-␣ protein expression in the islet (Fig.  3) . Islet PPAR-␣ was identified as an immunoreactive band running at 52 kDa in islets from control, fed rats. Exposure to WY14,643 in vivo led to a significant 1.6-fold increase (P Ͻ 0.001) in islet PPAR-␣ protein expression. This finding consolidates previous studies showing that culture of normal islets with the PPAR-␣ ligand clofibrate increases PPAR-␣ mRNA expression in normal islets but not in islets from fa/fa rats (24) . In contrast, we failed to observe any modification of islet PPAR-␣ protein expression after 48 h of starvation (Fig. 3) . Starvation and PPAR-␣ activation in vivo modulate the characteristics of glucose-stimulated insulin secretion by isolated pancreatic islets. We evaluated the possible effects of the altered PDK profile and/or PPAR-␣ expression observed in response to starvation or exposure to WY14,643 in vivo on glucose-stimulated insulin secretion (GSIS) using isolated islets. Comparison of the insulin secretory responses to glucose and triolein was made with islets from control fed rats. Table 2 shows the results obtained using batch incubation of 10 rat islets incubated for 1 h with 20 mmol/l glucose in the absence or presence of exogenous triglyceride (1 mmol/l triolein). GSIS was modestly but significantly impaired in islets from fed rats on incubation with triolein (ϳ20% inhibition; P Ͻ 0.05). Starvation (48 h), which modestly decreased islet PDK1 and PDK2 protein expression but greatly increased islet PDK4 protein expression, significantly impaired GSIS in the absence of triolein (by 57%; P Ͻ 0.001). However, the further addition of triolein significantly increased GSIS with islets from starved (c.f. fed) rats by 64% (P Ͻ 0.05). As a result, GSIS in the presence of triolein did not differ significantly between islets prepared from fed rats or rats that were starved for 48 h. GSIS by islets prepared from WY14,643-treated fed rats, in which PDK4 was specifically upregulated, did not differ significantly from that seen with islets from control fed rats. Thus, upregulation of islet fatty acid oxidation capacity as a consequence of previous upregulation of PPAR-␣ in vivo (which might be predicted to diminish islet TAG content in vivo) had little effect on GSIS on subsequent incubation with triolein. Importantly, the response to triolein addition (a trend toward suppres- sion of GSIS) observed with islets prepared from fed, WY14,643-treated rats more closely resembled that of islets prepared from fed rats than of islets prepared from starved rats.
FIG. 2. Effects of activation of PPAR-␣ in vivo (24 h) on PDK protein expression in isolated islets

PPAR-␣ activation but not starvation increases insulin secretion at a nonstimulatory glucose concentration.
Because prolonged exposure to fatty acids decreases the threshold for the insulin secretory response to glucose (28), we compared the effects of starvation and PPAR-␣ activation in vivo on the response to 2 mmol/l glucose alone or in combination with 1 mmol/l triolein ( Table 2) . Starvation (48 h) did not affect basal insulin secretion at 2 mmol/l glucose. By contrast, exposure to WY14,643 in vivo greatly enhanced insulin secretion at 2 mmol/l glucose (by 2.5 fold; P Ͻ 0.01). The addition of triolein did not depress insulin secretion at 2 mmol/l glucose with islets from fed rats or enhance insulin secretion at 2 mmol/l glucose with islets from starved rats. A trend toward lower insulin secretion at 2 mmol/l glucose was observed with islets from fed, WY14,643-treated rats but, as at 20 mmol/l glucose, this trend did not achieve significance.
FIG. 3. Effects of 48-h starvation or activation of PPAR-␣ in vivo on PPAR-␣ protein expression in isolated islets
DISCUSSION
In the present study, we demonstrated the protein expression of three PDK isoforms (PDK1, PDK2, and PDK4) in rat pancreatic islets (no sufficiently specific antibodies are as yet available for PDK3). We also showed, for the first time, that the PDK isoform protein expression profile of rat pancreatic islets is selectively modified in response to prolonged starvation. A major novel finding is that PDK1 and (to a lesser extent) PDK2 protein expression in the rat pancreatic islet is suppressed by prolonged starvation, whereas the protein expression of the third PDK isoform, PDK4, is specifically upregulated by starvation. We also demonstrated, for the first time, specific upregulation of PDK4 and PPAR-␣ protein expression in rat pancreatic islets in response to the administration of the PPAR-␣ agonist WY14,643, identifying a potential role for PPAR-␣-linked functions in the islet response to starvation. We analyzed the impact of antecedent changes in islet PDK protein expression and PPAR-␣ activation in vivo on insulin secretion using isolated islets. We demonstrated that upregulation of islet PDK4 expression is associated with impaired GSIS in islets from starved rats but not in islets from WY14,643-treated fed rats, arguing that the major impairment in GSIS introduced by starvation is at a site other than PDC. By contrast, we demonstrated that activation of PPAR-␣ in vivo for 24 h leads to a lowered threshold for GSIS, mimicking that observed in response to prolonged exposure to fatty acids in vitro (28) . Such an effect might underlie relative hyperinsulinemia in insulinresistant states associated with an elevated fatty acid supply. We propose that this may be a consequence of a long-term stable modification of islet function elicited in vivo in response to sustained PPAR-␣ activation, but increased islet PDK4 protein expression does not solely mediate this response. Acute exposure of islets to fatty acids only modestly influences glucose oxidation in islets from fed rodents (12) . Moreover, concentrations of glucose that are stimulatory for insulin secretion suppress fatty acid ␤-oxidation (29 -31), a result consistent with effects of glucose to elevate malonyl-CoA concentrations via flux through PDC. A relatively refractory insulin secretory response to the further addition of exogenous lipid (triolein) was demonstrated in the present study with islets from fed rats incubated with 20 mmol/l glucose. Our results are consistent with the hypothesis that either incoming fatty acids are predominantly esterified rather than oxidized in the fed state or both glucose and fat can be oxidized simultaneously by the islet. The presence of PDK1 protein expression in rat islets is remarkable as, hitherto, PDK1 protein expression has been thought to be relatively specific to the heart (8). Differences among PDK1, PDK2, and PDK4 with respect to their acute regulation by metabolites have been identified using recombinant proteins in vitro (8) . The major difference between rPDK1 and rPDK4, both of which are PDK isoforms of relatively high specific activity, is that rPDK1 activity is not greatly stimulated by an increased NADH/NAD ϩ concentration ratio unless acetylCoA concentrations are also elevated. By contrast, rPDK4 is activated by elevated NADH/NAD ϩ concentration ratio, but the further addition of acetyl-CoA has little additional effect. The behavior of rPDK2 resembles rPDK1 with respect to regulation by NADH/NAD ϩ and acetyl-CoA, but it has lower specific activity. A high functional contribution of PDK1 (a high-specific activity PDK isoform) to total PDK activity in the fed state would be predicted to confer a degree of insensitivity of PDK activity (and therefore PDC activity) to altered mitochondrial NADH/ NAD ϩ ratios. This would be predicted to allow acetyl-CoA and citrate production from glucose even when concomitant fatty acid oxidation elevates intramitochondrial NADH/NAD ϩ concentration ratios. We therefore propose that the presence of the PDK1 isoform may be important in facilitating the concomitant use of glucose and lipid by the pancreatic islet.
Although acute exposure of islets to fatty acids only modestly influences glucose oxidation in islets from fed rodents (12) , islet PDC activity is suppressed after prolonged starvation. This effect is observed in conjunction with increased islet total PDK activity and impaired GSIS (12) . In previous studies by Randle and colleagues (32) , an effect of starvation to modify overall islet PDK content could not be detected when PDK content was assayed by ELISA with antibodies raised against PDK ␣-chain. Armed with a current, more detailed understanding of the PDK system, together with specific antibodies to individual PDK isoforms, we demonstrated, for the first time, that the starvation-induced increase in islet PDK activity is associated with selective upregulation of the protein expression of a single PDK isoform, PDK4. This selective upregulation of PDK4 protein expression is analogous to that observed in heart and oxidative skeletal muscle (18, 19) . It follows, therefore, that PDK4 upregulation in the islet is likely to underlie the stable increase in PDK activity observed in response to starvation. The previous failure to detect any overall change in PDK ␣-chain protein expression (32) possibly reflects the accompanying suppression of the expression of the other two PDK isoforms found in the pancreatic islet (present study). The ϳ30% suppression of PDK1 and PDK2 protein expression observed in starvation may be a mechanism to blunt the response of PDK activity to a rise in acetyl-CoA. This would ensure that islet glucose oxidation and, therefore, energy metabolism are not compromised when a fast is terminated and glucose reenters the system. Such a concept is supported by the effect of exogenous triglyceride to enhance GSIS with islets from starved rats (present experiments) and by studies in vivo demonstrating that elevated circulating fatty acids are permissive for GSIS after fasting (33; rev. in 34).
An increased [PDK4/(PDK1 ϩ PDK2)] protein expression ratio in muscle in starvation correlates closely with lesser sensitivity of PDK activity to suppression by pyruvate (19, 35) . By analogy, the marked upregulation of islet PDK4 protein expression observed in conjunction with modest suppression of islet PDK1/PDK2 protein expression in response to starvation would be predicted to attenuate effects of an increased pyruvate supply to activate islet PDC. Under such conditions, concomitant elevation of acetyl-CoA concentrations and NADH/NAD ϩ concentration ratios will activate all three islet PDK isoforms, and acetyl-CoA will simultaneously activate PC. Thus, the PDK isoform profile found in the islet after starvation-relatively insensitive to mitochondrial pyruvate accumulation but sensitive, by virtue of PDK4 upregulation, to a rise in mitochondrial NADH levels-would be predicted to favor anaplerotic entry of pyruvate into the tricarboxylic acid (TCA) cycle via pyruvate carboxylation, even if pyruvate levels were to increase rapidly (e.g., because of stimulation of glycolytic flux). Under these circumstances, islet energy metabolism would be reliant on fatty acid ␤-oxidation for acetyl-CoA production and ATP generation. Furthermore, increased glycolysis (e.g., in response to an acute rise in glucose supply) would, by virtue of suppression of acetyl-CoA production via PDC, be unable to elicit stimulation of insulin secretion through citrate accumulation unless adequate flux from fatty acids to acetyl-CoA is sustained.
It has been hypothesized that entry of pyruvate into the TCA cycle via nonoxidative pathways is an important component of fuel signaling for stimulation of insulin secretion (5) . We propose that the specific upregulation of PDK4 protein expression in the pancreatic islet in starvation, by maintaining PDC activity at relatively low levels, despite decreased protein expression of both PDK1 and PDK2, functions to facilitate pyruvate carboxylation to oxaloacetate (rather than oxidative decarboxylation via PDC). This is predicted to facilitate entry of acetyl-CoA derived from fatty acid ␤-oxidation into the TCA cycle via citrate formation. Our results therefore suggest that PDK4 is a vital component of the mechanism by which the pancreatic ␤-cell senses lipid abundance and, in addition, support the recently proposed role of citrate as a signal of islet fuel supply (5) . We also propose that upregulation of PDK4 protein expression in islets may, in part, account for the observation that circulating fatty acids are essential for efficient GSIS after prolonged fasting (36) .
We addressed the question as to the mechanism(s) by which modulation of the islet PDK4 protein expression profile might be achieved. PPAR-␣, a member of the ligand-activated nuclear receptor superfamily, is an essential transcriptional regulator of a large number of genes involved in lipid metabolism, especially those concerned with peroxisomal and mitochondrial fatty acid ␤-oxidation (22) . Activation of PPAR-␣ by the specific agonist WY14,643 in vivo upregulated islet PDK4 protein expression within 24 h (i.e., within the time scale of the effect of starvation to upregulate islet PDK4 protein expression). Our data are therefore consistent with the concept that activation of islet PPAR-␣ by an endogenous natural ligand is an important component of the overall response of islet PDK4 protein expression to starvation. By contrast, our data clearly indicate that downregulation of islet PDK1 protein expression in starvation is not achieved via activation of PPAR-␣. Insulin secretion by the pancreatic ␤-cell is tightly coupled to prevailing blood glucose levels via changes in glucose metabolism initiated via glucose transporter GLUT2 and glucokinase, both of which have a relatively high K m for glucose. Islets also contain hexokinase (37) , which has a relatively low K m for glucose, but hexokinase is not thought to participate in the islet glucose-sensing mechanism (38, 39) . It is presumed that in the WY14,643-treated fed group, there is adequate "glucose sensing" and metabolism via GLUT2 and glucokinase to permit normal GSIS in the absence of triolein. Because the putative upregulation of the islet capacity for fatty acid oxidation by WY14,643 treatment in vivo does not markedly influence GSIS, it seems likely that fatty acid oxidation is suppressed proximal to ␤-oxidation. The lack of influence of PDK4 upregulation on GSIS with islets from fed rats is also consistent with the concept that islet fatty acid oxidation is relatively suppressed in the fed state.
